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Supporting text Table S1 . Summary of state variables and model parameters. Fig. S1 . Example of canonical Red Queen dynamics (Red Queen n-ary oscillations) where all host and parasite types undergo dominance switching. Fig. S2 . Oscillatory behavior expected to occur when α has a lower value (that is, there is a higher level of parasite specificity). Fig. S3 . Parameter diagram showing the effects of increasing the host's carrying capacity K on the oscillation patterns of host and parasite population densities (σ = 0, t = 0 to 50,000). Fig. S4 . Increasing the carrying capacity K increases the amplitude of population density (for example, compare the graphs associated with K = 3 and K = 10; σ = 0). Fig. S5 . Host population density time series showing the effects of stochastic noise (n = 4, K = 16). Fig. S6 . Host population pattern illustrating the effects of stochastic noise on a system with 10 host types and 10 parasite types (K = 40, σ = 10%). Fig. S7 . Additional illustrations of some population dynamics that can arise from our host-parasite interaction system (σ = 0).  0.01≤ri=r≤1 with simulation increment=0.01; default parameter value r=1 for all i,  0.01≤dj=d≤1 with simulation increment=0.01; default parameter value d=r/2 for all j,  0.5≤K≤100 with simulation increment=0.5,  φik=1 for all i,k,  0≤α≤1/n with simulation increment=0.01; default parameter value α=1/(3n),  βjik=1 for i=k and βjik=0 for i≠k, for all j, and  cij=1 for all i,j. We assume that the default parameter values represent hosts that are of similar characteristics (e.g., coming from related species) with equal birth rate ri=r for all i and φik=1 for all i,k; and parasites that are also of similar characteristics with death rate dj=d for all j. However, host types differ in susceptibility to different parasite types, and each parasite type infects different host types. This means that related species have similar gross growth rates but may have different net growth rates.
Supporting text
The deterministic parasitism efficiency matrix A=[aij] is assumed to be diagonally dominant and symmetric where the sum of each row and the sum of each column are equal to 1, such that αij=α+1-αn for i=j and αij=α for i≠j; maximal n=10. We assume equal number of host and parasite types (i,j=1,2,…,n) so that each host can have a unique primary (specialist) parasite.
Furthermore, we suppose cij=1 for all i,j, which means one parasite can produce
number of new parasites (numerical response) by infecting an equal number of hosts. The βjik in the type-III functional response is set to βjik=1 for i=k and βjik=0 for i≠k, which implies that the population size of host type Hk (k≠i) are marginal to alter the functional response curve for infecting host i.
The default initial condition is H1(0)=K, Hi(0)=0.0001+0.00001i for i=2,3,…,n and Pj(0)=0.0001+0.00001j for j=1,2,…,n. Without losing essential qualitative behavior, we assume that one host type is initially dominant and the rest are rare. We also assume that the parasite population is initially small. This is to assess if the population dynamics can drive the parasites and other host types to grow. Moreover, we avoid the effect of symmetry by adding the term 0.00001i and 0.00001j to Hi(0) and Pj (0), respectively. This unequal initial condition coupled with a diagonally dominant parasitism efficiency matrix (differential host susceptibility) leads to nonidentical host mortality due to parasitism. The gross growth rate ri=r for all i but the net growth of each host type is not necessarily identical due to this unequal initial condition.
We define host population density as Hi/K. For consistency, we also define parasite population density as Pj/K. We use this definition of population density so that we can track the effect of K. We can also derive genotype frequency as Hi/NH and Pj/NP for hosts and parasites, respectively; where non-zero
The system of ODEs is solved using Runge-Kutta 4 in Berkeley Madonna (www.berkeleymadonna.com). We observe host-parasite dynamics occurring in finite timeframe, specifically t=0 to 50,000, with step size equal to 0.01.
We can introduce random noise to Eqs. 1 and 2 through the different parameters (environmental variability) [see Allen, E., Modeling with Ito Stochastic Differential Equations (Springer, Netherlands, 2007) in the list of references]. The stochastic differential equations for the random parameters are:
where the deterministic parameter value is used as the mean value. Each parameter is perturbed by different independent random noise. For simplicity, let Figures   Fig. S1 . Example of canonical Red Queen dynamics (Red Queen n-ary oscillations) where all host and parasite types undergo dominance switching. In this figure, we use Eqs. S2 and S3 below. The corresponding default parameter values are used except for d=0.1; σ=0, K=20.
Host-parasite interaction model with type-II functional response (i,j=1,2,…,n; n=10): Fig. S2 . Oscillatory behavior expected to occur when  has a lower value (that is, there is higher level of parasite specificity). Increased parasite specificity induces oscillatory behavior; for example, α=1/(3n)=1/9, where n=3. The α=1/n=1/3 implies uniform parasite specificity (uniform parasite infectivity or uniform host susceptibility). Since an increased parasite specificity results in oscillations, then we hypothesize that Red Queen binary oscillations may arise under this condition. In this figure, the default parameter values for Eqs. 1 and 2 in the main text are used except for α; σ=0, K=20.
Fig. S3.
Parameter diagram showing the effects of increasing the host's carrying capacity K on the oscillation patterns of host and parasite population densities (σ = 0, t = 0 to 50,000). In Region I, the host and parasite population densities converge to equilibrium. The whole Region II (IIA and IIB) comprises of oscillating population densities. Population densities in Region IIB are those with Red Queen binary oscillations. In this figure, the default parameter values for Eqs. 1 and 2 in the main text are used. Fig. S4 . Increasing the carrying capacity K increases the amplitude of population density (for example, compare the graph associated with K = 3 and K = 10; σ = 0). This is because the maximum growth potential of hosts increases with K. In this figure, the default parameter values for Eqs. 1 and 2 in the main text are used. . Additional illustrations of some population dynamics that can arise from our hostparasite interaction system (σ = 0). (a) In some cases of deterministic simulation, a part of the time series with Red Queen binary oscillations exhibits population dynamics with a subordinate cyclic host type replacing a dominant cyclic type. As a result of the inherent complexity in hostparasite interaction, the graph resembles a time series with noise-driven transition event, but the transition event is not due to the assumed physical-environmental stochasticity. The default parameter values for Eqs. 1 and 2 in the main text are used except for ri=1-0.01(i-1) and dj=0.5+0.001(j-1); K=20. (b) Aside from the Red Queen binary oscillations, another dynamics that can arise in our host-parasite interaction system are oscillations with only one dominant cyclic population and the rest are rare. This oscillatory behavior does not show Red Queen dynamics because Red Queen dynamics require at least two populations undergoing dominance switching (negative frequency-dependent selection with identical cycle amplitude). The default parameter values for Eqs. 1 and 2 in the main text are used except for r=0. 8 and d=0.4; K=40. 
